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ABSTRACT
We report on the detection and early characterization of a hot Jupiter in a 3-day orbit around K2-34
(EPIC 212110888), a metal-rich F-type star located in the K2 Cycle 5 field. Our follow-up campaign
involves precise radial velocity (RV) measurements and high-contrast imaging using multiple facilities.
The absence of a bright nearby source in our high-contrast data suggests that the transit-like signals
are not due to light variations from such a companion star. Our intensive RV measurements show
that K2-34b has a mass of 1.773 ± 0.086MJ , confirming its status as a planet. We also detect the
Rossiter-McLaughlin effect for K2-34b and show that the system has a good spin-orbit alignment
(λ = −1+10
−9 degrees). High-contrast images obtained by the HiCIAO camera on the Subaru 8.2-m
telescope reveal a faint companion candidate (∆mH = 6.19 ± 0.11 mag) at a separation of 0.
′′36.
Follow-up observations are needed to confirm that the companion candidate is physically associated
with K2-34. K2-34b appears to be an example of a typical “hot Jupiter,” albeit one which can be
precisely characterized using a combination of K2 photometry and ground-based follow-up.
Keywords: planets and satellites: detection – stars: individual (EPIC 212110888, K2-34) – techniques:
photometric – techniques: radial velocities – techniques: spectroscopic
1. INTRODUCTION
Hot Jupiters have been subjected to intensive stud-
ies of their orbits and atmospheres. When one imag-
ines a “typical” hot Jupiter, one would think of a jo-
vian planet orbiting a relatively metal-rich solar-type
star within 3 days. Many other characteristics of hot
Jupiters have been discussed in the literature, includ-
ing the inflation of their radii when the insolation from
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the central stars becomes strong (e.g., Fortney et al.
2010). Hot Jupiters, at least around relatively cool
stars (Teff . 6200 K), generally have circular orbits
aligned with their host stars’ spin axes (Winn et al. 2010;
Albrecht et al. 2012). Moreover, hot Jupiters are gen-
erally isolated up to a certain distance from their host
stars (Steffen et al. 2012) with the exception of WASP-
47 (Becker et al. 2015), but are likely to have some
“friend(s)” at longer orbital separations. These friends
are outer planetary and/or stellar companions, and have
been revealed by long-term RV monitoring and high-
contrast imaging campaigns (e.g., Knutson et al. 2014;
Ngo et al. 2015; Neveu Van Malle et al. 2015). However,
such intensive studies have not settled the serious issues
for both the origin of hot Jupiters and their properties,
and we have not reached a consensus for the formation
and evolution of hot Jupiters.
The Kepler satellite’s second mission, K2, has pro-
vided new opportunities to search and characterize tran-
siting planets including hot Jupiters. K2 has already
discovered many outstanding systems including possi-
bly rocky planets around cool dwarfs (Crossfield et al.
2015; Petigura et al. 2015) and a disintegrating mi-
nor planet around a white dwarf (Vanderburg et al.
2015). To find and characterize the unique planetary
systems detected by K2, we initiated the new collab-
oration ESPRINT, Equipo de Seguimiento de Plane-
tas Rocosos Intepretando sus Transitos, which has al-
ready confirmed/validated a disintegrating rocky planet
(ESPRINT I: Sanchis-Ojeda et al. 2015), small planets
around solar-type stars (ESPRINT II: Van Eylen et al.
2016) and a super-Earth/mini-Neptune around a mid-M
dwarf, for which intensive follow-up studies are expected
(ESPRINT III: Hirano et al. 2016).
In this paper, we report the discovery and early char-
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acterization of a hot Jupiter, detected by our pipeline ap-
plied to the K2 Cycle 5 field stars. Our target, K2-34, is
an F-type star with an effective temperature of 6200 K, as
inferred from its colors. The top part of Table 1 summa-
rizes the properties of K2-34 as collected from the SDSS
and 2MASS catalogs (Ahn et al. 2012; Skrutskie et al.
2006). Our earlier analysis implied that the planetary
candidate, K2-34b, orbits its central star with a period
extremely close to 3 days. With intensive follow-up ob-
servations including radial velocity (RV) measurements
and high-contrast imaging, we confirm that K2-34b is
indeed a hot Jupiter orbiting K2-34. Our analysis sug-
gests the hot Jupiter to be a typical, but still important,
example of its class, exhibiting many of the properties
described above.
The rest of the paper is organized as follows. We de-
scribe our pipeline to reduce the K2 data and detect
planetary candidates in K2 field 5 (Section 2.1); Sec-
tion 2.2 describes our follow-up campaign with RV mea-
surements by the High Accuracy Radial velocity Planet
Searcher North (HARPS-N) on the 3.6-m Telescopio
Nazionale Galileo (TNG) and High Dispersion Spectro-
graph (HDS) on the Subaru 8.2-m telescope, in which
a complete spectroscopic transit of K2-34b is covered.
Section 2.3 presents lucky imaging at 1.52-m Telescopio
Carlos Sa´nchez (TCS) and adaptive-optics (AO) imag-
ing with Subaru/HiCIAO. We perform a simultaneous
fit to the reduced K2 light curve and observed RVs by
the two spectrographs, including the modeling of the
Rossiter-McLaughlin (RM) effect (e.g., Ohta et al. 2005;
Winn et al. 2005) of K2-34b in Section 3. Section 4 is
devoted to discussion and summary.
2. OBSERVATIONS AND DATA REDUCTIONS
2.1. K2 Photometry
K2-34 was observed from the 27th of April to the 10th
of July 2015 as a pre-selected target star of K2 Cam-
paign 5. We downloaded the images of K2-34 from the
MAST website. The production of detrended K2 light
curves by our collaboration was described in detail in
the ESPRINT I paper (Sanchis-Ojeda et al. 2015). We
then searched the light curves for transiting planet can-
didates with a Box-Least-Squares routine (Kova´cs et al.
2002; Jenkins et al. 2010) using the optimal frequency
sampling described by Ofir (2014). K2-34 was clearly
detected with a signal-to-noise ratio (SNR) of 15.5. A lin-
ear ephemeris analysis of the individual transits yielded
a best-fit period of 2.995637± 0.000011 days and a mid-
transit time of Tc,0 = 2457141.35116± 0.00015 (BJD).
Figure 1 plots the full reduced light curve; the deep tran-
sits (marked by red lines) are clearly visible.
2.2. High Dispersion Spectroscopy
2.2.1. TNG/HARPS-N
In order to confirm the planetary nature of K2-34b
detected above, we observed K2-34 with TNG/HARPS-
N for precise RV measurements on 2015 November 18-
25 UT as part of the observing program CAT15B 79.
HARPS-N (Cosentino et al. 2012) is a fiber-fed, echelle,
thermally stable spectrograph in a vacuum, located
on TNG at the Roque de los Muchachos Observatory
(ORM) on La Palma, Spain. It covers the visible wave-
length range between 383 nm and 693 nm with a resolv-
Table 1
Stellar Parameters of K2-34
Parameter Value
(Stellar Parameters from the SDSS and 2MASS Catalogs)
RA 08 : 30 : 18.91
Dec 22 : 14 : 09.27
mg (mag) 11.876 ± 0.001
mr (mag) 11.518 ± 0.001
mi (mag) 11.407 ± 0.001
mz (mag) 13.449 ± 0.014
mJ (mag) 10.528 ± 0.025
mH (mag) 10.258 ± 0.022
mKs (mag) 10.193 ± 0.017
(Spectroscopic Parameters)
Teff (K) 6087± 38
log g (dex) 4.106± 0.075
[Fe/H] (dex) 0.15± 0.04
ξ (km s−1) 0.86± 0.19
V sin Is (km s−1) 5.65± 0.33
ζRT (km s
−1; assumed) 4.5± 0.7
(Derived Parameters by Empirical Relation)
M⋆ (M⊙) 1.31
+0.10
−0.09
R⋆ (R⊙) 1.66
+0.19
−0.17
ρ⋆ (ρ⊙) 0.29
+0.10
−0.08
(Derived Parameters by Y2 Isochrone)
M⋆ (M⊙) 1.37± 0.07
R⋆ (R⊙) 1.72
+0.20
−0.18
ρ⋆ (ρ⊙) 0.27
+0.09
−0.07
age (Gyr) 2.88+0.26
−0.24
Table 2
RV Measurement by TNG/HARPS-N (absolute values)
BJD value (m s−1) error (m s−1)
2457347.61743 46554.8 9.0
2457347.64159 46553.3 8.5
2457348.71636 46194.6 2.8
2457348.73884 46189.2 2.2
2457349.78322 46489.3 3.9
2457349.79341 46495.2 4.6
2457350.60492 46540.6 5.7
2457350.69485 46546.8 3.4
2457350.78737 46491.6 5.2
2457351.66537 46200.7 6.3
2457351.68768 46177.3 6.5
2457352.60966 46413.3 9.8
2457352.63088 46446.9 9.8
ing power of R = 115, 000. TNG/HARPS-N RV mea-
surements and their uncertainties were obtained with
the G2 cross-correlation mask using the DRS pipeline,
which is based on the weighted CCF method (Pepe et al.
2002). Thirteen RV measurements collected during the
TNG/HARPS-N run allowed us to confirm the planetary
nature of K2-34b, and to designate the target for a spec-
troscopic transit observation fromMauna Kea on Novem-
ber 27 in order to measure the RM effect of the system.
Our TNG/HARPS-N measurements are presented in Ta-
ble 2.
2.2.2. Subaru/HDS
We also observed K2-34 with Subaru/HDS for precise
RV measurements on 2015 November 26-28 UT and 2016
February 2 UT. We employed the standard I2a setup
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Figure 1. The full, reduced K2 light curve for K2-34. The equally-spaced red vertical lines correspond to the transits of K2-34b.
with Image Slicer #2, covering the spectral region be-
tween 493 − 759 nm with R = 85, 000 (Tajitsu et al.
2012). For the precise RV measurements, we used the io-
dine (I2) cell and have the stellar light transmit through
that cell to imprint the rich absorption lines of I2 in the
stellar spectra. On November 27, a spectroscopic transit
was visible from Mauna Kea, and we took that opportu-
nity to measure the RM effect of the system, covering the
whole transit of K2-34b (∼2 hours). On the same night,
we obtained the stellar spectrum without the I2 cell for
a template in the RV analysis as well as for the detailed
spectroscopic characterization of K2-34. During the twi-
light, we also obtained a flat-lamp spectrum transmitted
through the I2 cell so that we can estimate the instrumen-
tal profile (IP) of HDS on that observing night. During
the November run, we had some clouds throughout the
week on Mauna Kea, and the typical photon counts of
the raw spectra were about half of what we had initially
expected.
We reduced the raw data in a standard manner using
the IRAF package to extract the wavelength-calibrated,
one-dimensional (1D) spectra. The signal-to-noise ratio
(SNR) of the 1D spectra was typically 60 per pixel. We
then input the I2−in spectra into the RV pipeline to ex-
tract the relative RV values with respect to the I2−out
template spectrum. The RV analysis for Subaru/HDS is
described in detail in Sato et al. (2002, 2012). The re-
sulting RV values are listed in Table 3 along with their
uncertainties.
We measured the equivalent widths for Fe I and Fe II
lines of the I2−out template spectrum, making it pos-
sible to estimate the atmospheric parameters of K2-
34. As described in Takeda et al. (2002, 2005), we esti-
mated the stellar effective temperature Teff , surface grav-
ity log g, metallicity [Fe/H], and microturbulent veloc-
ity ξ from the excitation and ionization equilibria. We
also measured the projected rotational velocity of the
star by convolving a theoretically synthesized spectrum
with the rotation plus macroturbulence broadening ker-
nel (the radial-tangential model: Gray 2005) and the IP
of HDS. Following Hirano et al. (2012, 2014), we adopted
the empirical relation by Valenti & Fischer (2005) for the
macroturbulent velocity ζRT as
ζRT =
(
3.98 +
Teff − 5770 K
650 K
)
km s−1. (1)
The results of these measurements are summarized in the
Table 3
RV Measurement by Subaru/HDS. Only “relative RVs” are
obtained from the RV analysis with the I2 cell, and values in this
table are different from the absolute RVs listed in Table 2.
BJD value (m s−1) error (m s−1)
2457353.13038 208.2 9.8
2457353.99119 48.4 9.7
2457353.99899 43.3 10.1
2457354.00678 57.5 11.4
2457354.01458 38.4 10.6
2457354.02240 34.3 10.4
2457354.03020 35.1 11.3
2457354.03800 27.1 10.0
2457354.04580 27.0 10.7
2457354.05360 14.2 9.8
2457354.06139 −6.0 9.7
2457354.06919 −20.6 10.5
2457354.07699 −12.0 10.7
2457354.08479 −5.5 11.7
2457354.09258 −11.4 11.1
2457354.10039 14.1 10.5
2457354.97403 −156.2 10.3
2457420.91151 −186.8 10.8
2457420.91917 −184.4 11.2
2457420.92683 −163.2 11.0
second part of Table 1.
To estimate the physical parameters of the star, we
converted the atmospheric parameters into mass and ra-
dius (and density), employing two different methods. We
first used the empirical relations for stellar mass and ra-
dius derived by Torres et al. (2010), which is based on
physical parameters measured using detached binaries.
We also converted the atmospheric parameters using the
Yonsei-Yale (Y2) isochrone model (Yi et al. 2001). For
both cases, we ran Monte Carlo simulations to estimate
the uncertainties for the physical parameters by ran-
domly generating the sets of atmospheric parameters as-
suming Gaussian errors. Since the uncertainties for at-
mospheric parameters listed in Table 1 are all statistical
errors, we quadratically added a systematic error of 40 K
for the effective temperature to account for the systemat-
ics estimated by Bruntt et al. (2010), who compared the
luminosity-based effective temperatures with the spec-
troscopically measured values as presented here. The
resulting parameters, including their uncertainties, are
summarized in the bottom parts of Table 1. The mass
and radius estimated by the two techniques are consis-
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Figure 2. Final image of K2-34 after lucky imaging processing
with a 30% selection of the best individual TCS/FastCam frames.
tent with each other within 1σ. Since the uncertainties
for the empirical mass and radius take into account the
systematic errors in the empirical relation, we use those
estimates for the rest of this paper.
2.3. High Contrast Imaging
We obtained high-contrast images of K2-34 to search
for stellar companions, and to exclude the possibility that
the transit signal is a false positive from a background
eclipsing binary. Our data, described below, consist of
lucky imaging observations with the FastCam camera
and adaptive optics imaging with HiCIAO on the Subaru
Telescope.
2.3.1. TCS/FastCam Lucky Imaging Observations
On 2015 November 15 UT, 20,000 individual frames
of K2-34 were collected in the I−band using FastCam
(Oscoz et al. 2008) at TCS in the Observatorio del Teide,
Tenerife, with 50 ms exposure time for each frame. Fast-
Cam is an optical imager with a low noise EMCCD
camera which allows to obtain speckle-featuring non-
saturated images at a fast frame rate (see Labadie et al.
2011).
In order to construct a high resolution, diffraction lim-
ited, long-exposure image, the individual frames were
bias subtracted, aligned and co-added using a Lucky
Imaging (LI) algorithm (see Law et al. 2006). The LI
selection is based on the brightest speckle in each frame,
which has the highest concentration of energy and repre-
sents a diffraction limited image of the source. Those
frames with a larger count number at the brightest
speckle are the best ones. The percentage of the best
frames chosen depends on the natural seeing conditions
and the telescope diameter and is based on a trade be-
tween a sufficiently high integration time, given by a
higher percentage, and a good angular resolution, ob-
tained by co-adding a lower amount of frames. Fig-
ure 2 presents the high resolution image constructed by
co-addition of the 30% of the best frames, i.e. with
300-second total exposure time. The combined image
achieved ∆mI = 3.8− 4.0 at 1.
′′0, and no bright compan-
ion was detectable in the images within 1.′′0.
2.3.2. Subaru/HiCIAO Observations
We used adaptive optics imaging on the Subaru Tele-
scope to rule out the presence of a background eclips-
ing binary at smaller angular separations and to search
for faint stellar companions. Our observations were con-
ducted on 2015 December 30 UT using the adaptive op-
tics system AO188 (Hayano et al. 2010) and the high-
contrast near-infrared camera HiCIAO (Suzuki et al.
2010). Using K2-34 as a natural-guide star, we acquired
60 dithered frames with individual integration times of
15 s for a total integration time of 900 s. The point
spread functions (PSFs) of the primary star in these im-
ages were intentionally saturated within typically 0.′′07,
to search for faint companions. We also took unsatu-
rated images with a 9.74% neutral-density filter to verify
the star’s position and flux. We obtained images of the
globular cluster M5 for astrometric calibration.
2.3.3. HiCIAO Data Reductions
We reduced our HiCIAO data using the ACORNS
pipeline, described in Brandt et al. (2013). We removed
correlated read noise, masked hot pixels, flat-fielded, and
corrected instrumental distortion by comparing images of
the globular cluster M5 with archival data from the Hub-
ble Space Telescope. We then aligned the images, but did
not apply high-contrast algorithms to suppress diffracted
starlight.
We combined all the saturated images to find a faint
companion candidate (CC) around K2-34 (see Figure 3).
However, the CC appears to be embedded in the bright
halo of primary star’s PSF. To suppress the halo, we
applied high-pass filter to each saturated image after
the image registration. We used a median filter with
a width of 4 PSF full widths at half maximum (FWHM;
1 FWHM ≈ 54 mas), subtracting the filtered image from
each of our original frames. The lower panel of Figure
3 displays the final combined image, on which the CC
is clearly detected. We measure a centroid of CC and
estimate the separation and position angles between the
CC and primary star to be 361.3 ± 3.5 mas and 206.◦77
± 0.◦62, respectively. The CC’s position was measured
in the frames where the primary star’s PSF is saturated.
We corrected the primary star’s centroids using the un-
saturated frames whose acquisitions were interspersed
through the data-acquisition sequence for the saturated
frames.
We performed aperture photometry for the CC on the
combined, high-pass-filtered image shown in the bottom
panel of Figure 3. It is notable that the high-pass filter
decreases the flux of CC. We estimated and recovered the
flux loss (∼35%) based on the reductions for the images
with injected artificial sources. We measure a final, cor-
rected H-band contrast of ∆mH = 6.19±0.11 mag. This
brightness contrast was derived using the primary star’s
flux in the unsaturated frames, for which a simultaneous
photometry of the primary star and CC is prohibited.
Then, the variation of AO correction is attributed to the
photometry uncertainty, and we consider that the error
term related to this variation is represented by the scat-
ter of the photometry of unsaturated PSFs.
3. GLOBAL ANALYSIS
The high-contrast images by TCS/FastCam (in
I−band) and Subaru/HiCIAO (in H−band) show no
nearby source bright enough to cause a transit-like signal
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Figure 3. HiCIAOH-band image of K2-34 showing its companion
candidate (CC). Top: Combined image before applying a high-
pass filter; the stretch is logarithmic. A faint CC can be seen at a
projected separation of 0.′′36 to the southwest. Bottom: Combined
image after the high-pass filter; the stretch is linear. The CC is
nearly 300 times fainter in H band than the primary star.
as deep as 0.7%. A background eclipsing binary, even
if it achieved the maximum possible occulation (50%),
would need to be no more than ∼70 times (∼4.6 magni-
tudes) fainter than K2-34. Our observations, combined
with SDSS archival images, confirm that no such sources
exist between 0.′′2 and 20′′. It is still possible that a
relatively bright binary companion is present within 0.′′2
from K2-34, but visual inspection of the HDS spectrum
did not show any secondary peak as shown in Figure 4.
Along with the fact that the observed RVs clearly show
the presence of a planet-sized companion, whose RV vari-
ation is synchronous with the predicted phase from the
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Figure 4. Part of K2-34’s spectrum taken by Subaru/HDS. No
secondary peak is visible in the spectrum.
K2 transits, we conclude that the periodic dimming seen
in the K2 light curve is associated with a jovian planet
orbiting K2-34.
Here, we attempt to simultaneously fit the K2 light
curve with the RVs observed by HARPS-N and HDS.
The fitting procedure is similar in many aspects to those
described in Hirano et al. (2015) and Sato et al. (2015).
We use the following χ2 statistics in the global fit:
χ2=
∑
i
(f
(i)
LC,obs − f
(i)
LC,model)
2
σ
(i)2
LC
+
∑
i
(v
(i)
HARPS,obs − v
(i)
HARPS,model)
2
σ
(i)2
HARPS
+
∑
i
(v
(i)
HDS,obs − v
(i)
HDS,model)
2
σ
(i)2
HDS
, (2)
where f
(i)
LC,obs, v
(i)
HDS,obs, and v
(i)
HARPS,obs are i−th ob-
served K2 flux, HDS RV value, and HARPS RV value,
and σ
(i)
LC, σ
(i)
HDS, and σ
(i)
HARPS are their errors, respectively.
To compute the model flux f
(i)
LC,model observed by K2, we
integrate the transit model by Ohta et al. (2009) over the
cadence of the K2 observation (∼29.4 minutes).
For the RV model, we adopt the following equations:
vHARPS,model=K[cos(f + ω) + e cosω] + γHARPS, (3)
vHDS,model=K[cos(f + ω) + e cosω] + ∆vRM + γHDS,(4)
where K, f , e, and ω, γHDS, γHARPS are the RV semi-
amplitude, true anomaly, orbital eccentricity, argument
of periastron, and RV offsets for the HDS and HARPS
data sets, respectively. Since the HDS data set cov-
ered a complete transit of K2-34b, we introduce the ve-
locity anomaly term ∆vRM due to the RM effect for
that data set only. We adopt the analytic formula by
Hirano et al. (2011), in which ∆vRM is computed in
terms of the projected rotational velocity V sin Is. For
other spectroscopic parameters that appear in Equation
(16) of Hirano et al. (2011), we assume the Gaussian and
Lorentzian widths of β = 2.7 km s−1 and γ = 1.0 km s−1,
and the macroturbulent velocity of ζRT = 4.5 km s
−1 as
in Section 2.2.2. We here neglect the convective blue-
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shift (Shporer & Brown 2011), since its impact is small
enough (. 3 m s−1 at the most) compared with the in-
ternal errors of Subaru/HDS RV data (∼10 m s−1).
Assuming that the likelihood is proportional to
exp(−χ2/2), we run a Markov Chain Monte Carlo
(MCMC) simulation to estimate the global posterior dis-
tribution of the fitting parameters. The fitting parame-
ters in our model are orbital period P , time of the transit
center Tc,0, scaled semi-major axis a/Rs, transit impact
parameter b, planet-to-star radius ratioRp/Rs, and limb-
darkening parameters u1+u2 and u1−u2 for the K2 data
set assuming a quadratic law, e cosω, e sinω, K, V sin Is,
the projected obliquity λ, γHDS, and γHARPS. Among
these, P , Tc,0, a/Rs, b, Rp/Rs, e cosω, e sinω, are related
to both the light curve and RV data sets, but the others
are for RV data only (except the limb-darkening coeffi-
cients). Since limb-darkening coefficients are weakly con-
strained from the K2 transit curve, we put weak Gaussian
priors on u1 + u2 and u1 − u2, with their centers being
0.65 and 0.08, respectively, and dispersions of 0.20, based
on the theoretical values by Claret & Bloemen (2011)
for the Kepler band. The RM velocity anomaly ∆vRM
also weakly depends on the limb-darkening coefficients.
The RV precision and sparse time sampling of the Sub-
aru/HDS dataset, however, make the fit of those coef-
ficients almost impossible, and we opted to fix them at
u1,RM = 0.43 and u2,RM = 0.28 based on the theoretical
values for the V−band (Claret & Bloemen 2011). We
note that we allow the orbital period to vary rather than
fix it at the value from the light curve analysis alone. In
this way, the ephemeris of K2-34b is globally determined
from the light curve and RV data, and the uncertainty
in modeling the RM effect reflects the uncertainty of the
period.
We use our customized code (e.g., Hirano et al. 2015)
to perform the global fit, in which Equation (2) is first
minimized by the Nelder-Mead simplex method (e.g.,
Press et al. 2002) and then the step size for each param-
eter is iteratively optimized, before running 107 MCMC
steps to estimate the global posterior. Since the accu-
rate uncertainty for each flux value in K2 data is diffi-
cult to infer, we scaled σ
(i)
LC so that the reduced χ
2 for
the K2 data set becomes approximately unity. We take
the median, 15.87 and 84.13 percentiles of the maginal-
ized posterior for each fitting parameter to provide the
best-fit value and its uncertainties, which are listed in Ta-
ble 4. The observed data along with the best-fit models
are displayed in Figures 5, 6, and 7, for the phase-folded
K2 light curve, orbital RVs, and RM velocity anomaly,
respectively.
The best-fit model indicates that K2-34b is a typical
hot Jupiter in a 3-day, prograde orbit (λ = −1+10
−9 de-
grees). Based on the best-fit model parameters in the
global fit as well as K2-34’s physical parameters, we also
compute K2-34b’s physical and orbital parameters, in-
cluding the planet mass Mp, radius Rp, density ρp, or-
bital inclination io, and semi-major axis a. The result is
also summarized in Table 4; the planet is consistent with
a slightly inflated jovian planet, in a circular orbit (within
1σ). The stellar density from the transit curve alone is es-
timated to be ρ⋆/ρ⊙ = 0.448
+0.086
−0.056, which agrees with the
spectroscopically measured stellar density (Table 1) with
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Figure 5. Phase-folded K2 light curve around the transit of K2-
34b (black points). The best-fit model is plotted by the red solid
line. Bottom panel indicates the residual between the two.
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Figure 6. Phase-folded RV variation by Subaru/HDS (blue cir-
cles) and TNG/HARPS-N (black triangles). The best-fit RV offset
in each dataset (γHARPS and γHDS) is subtracted in the plot. The
best-fit model is plotted by the red solid line. Bottom panel indi-
cates the residual between the two.
1.4σ, reinforcing the idea that K2-34b is indeed transit-
ing the F star.
The residual of the RM velocity anomaly in Figure 7
seems to exhibit a possible time-correlated noise, where
each RV residual could be correlated with the adjacent
ones. To test if this is the case or not, we computed
Pearson’s correlation coefficient r0 between the adjacent
RV residual values in Figure 7. We then ran a Monte
Carlo simulation of 106 steps to estimate its p−value,
where we permutated the RV residuals randomly and
recorded each correlation coefficient r between the adja-
cent RV residuals for each dataset (step). Consequently,
we obtained r0 = −0.0427 and found that its p−value
is high enough (p(|r| > |r0|) = 0.876), implying that
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Figure 7. RV variation around the transit of K2-34b after sub-
tracting the orbital motion. The best-fit model is plotted by the
red solid line. Bottom panel indicates the residual between the
two.
the observed RV residuals have no significant correlation
with the next ones (i.e., time-correlated noise was not
observed).
We note that λ is a projected obliquity and the true,
3-dimensional (3D) spin-orbit angle is not known; λ ≈ 0◦
does not necessarily mean that the orbit is aligned. One
way to break this degeneracy is to measure the stellar
inclination Is, which is defined as the angle between the
line-of-sight and stellar spin axis by the combination of
the stellar rotation period, radius, and projected rotation
velocity V sin Is (e.g., Hirano et al. 2012). We inspected
the periodogram of K2-34’s light curve and found that
there was a peak around P = 19 days, which could be
ascribed to the rotation period of K2-34, which is also
expected by scaling the Sun’s rotation period (24.5 days)
by
√
2.9Gyr/4.6Gyr. If this peak indeed corresponds to
the period of rotation, the rotation velocity at the stellar
equation is estimated as ≈ 4.4 ± 0.5 km s−1 based on
the Rs listed in Table 1. Comparing this value with
the observed V sin Is, we expect that Is is close to 90
◦,
suggesting a small 3D spin-orbit angle.
4. DISCUSSION AND SUMMARY
We have conducted intensive follow-up observations for
a hot Jupiter candidate, K2-34b, which was detected
by our pipeline in an analysis of K2 field 5 stars. Our
RV follow-up, along with the absence of a bright nearby
source (∆m < 6) in the high-contrast images, confirm the
planetary nature of K2-34; we have determined the mass
and radius of the planet to be Mp = 1.773 ± 0.086MJ
and Rp = 1.44 ± 0.16RJ , respectively. Its central star,
K2-34, is a relatively metal-rich, F-type star, which is
typical of hot-Jupiter hosts.
We detected the velocity anomaly during the transit
observed by HDS on November 27, with 3.6σ signifi-
cance. Modeling of the RM effect implies that the orbit
Table 4
Result of the Global Fit
Parameter Value
(Fitting Parameters)
P (days) 2.995654 ± 0.000018
Tc,0 (BJD) 2457141.35087 ± 0.00025
a/Rs 6.70
+0.40
−0.29
b 0.822+0.022
−0.034
Rp/Rs 0.0887
+0.0009
−0.0012
u1 + u2 0.66± 0.12
u1 − u2 0.07± 0.20
e cosω 0.0037+0.0060
−0.0063
e sinω −0.001 ± 0.014
K (m s−1) 207.3+2.3
−2.2
V sin Is (km s−1) 5.0
+1.3
−1.4
λ (◦) −1+10
−9
γHDS (m s
−1) 18.1± 3.4
γHARPS (m s
−1) 46394.4 ± 1.4
(Derived Parameters)
Mp (MJ ) 1.773± 0.086
Rp (RJ ) 1.44± 0.16
ρp (ρJ ) 0.60
+0.25
−0.16
io (◦) 82.96
+0.69
−0.55
a (AU) 0.0445+0.0010
−0.0011
e < 0.022
of K2-34b is prograde with respect to the stellar spin;
we estimate the best-fit value for the projected obliq-
uity as λ = −1+10
−9 degrees. To verify our result, we also
tested the global fit with a Gaussian prior distribution for
V sin Is based on the spectroscopically measured value,
and obtained a fully consistent result (λ = −1.1 ± 8.1
degrees). This small obliquity is consistent with the well-
known finding that stars cooler than Teff = 6250 K gen-
erally have a small obliquity, while hotter ones tend to
be misaligned (e.g., Winn et al. 2010). K2-34’s effective
temperature is Teff = 6087± 38 K, which is close to the
alignment/misalignment divide, making it an important
sample for future statistical analyses on observed obliq-
uities.
K2-34 is located around an edge of the main sequence
in the Teff − log g plane (Figure 8). This region of stellar
evolution has fewer measurements of the stellar obliquity.
One possible channel for the formation of hot Jupiters
is dynamical processes (e.g., planet-planet scatterings)
followed by tidal interactions between planets and their
hosts (e.g., Nagasawa & Ida 2011; Fabrycky & Tremaine
2007). Tidal interactions also tend to damp the stel-
lar obliquity, but the precise timescale of this obliquity
damping is not known and believed to depend on the
stellar type (Winn et al. 2010; Xue et al. 2014). In this
context, a comparison between the timescales for the
obliquity damping by tides and actual system ages could
become an important clue. Considering that ages are
generally better constrained for the slightly evolved, but
still hot stars such as K2-34 than for their cooler counter-
parts, more obliquity measurements for those stars will
provide additional insight into the tidal evolution of hot
Jupiters.
It would be also of interest to discuss the ob-
served obliquity in terms of host star’s mass.
Spalding & Batygin (2015) described that an alterna-
tive explanation for the observed trend of stellar obliq-
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Figure 8. Observed obliquities as a function of
stellar temperature Teff and surface gravity log g.
The values of λ, Teff , and log g were taken from
http://www.astro.physik.uni-goettingen.de/˜rheller/ and
http://exoplanets.org/.
uity is that magnetic star-disk torques act to damp non-
zero stellar obliquities of less massive stars. Since the
magnetic field of massive stars (Ms & 1.2M⊙) is much
weaker by an order of magnitude, the stellar obliquity,
which could be primordially enhanced by e.g., an outer
companion, is preserved and a spin-orbit misalignment
is likely observed around those stars (see Figure 1 in
Spalding & Batygin 2015). Provided that K2-34’s mass
is 1.31− 1.37M⊙, the low obliquity in this system could
be a new exception to the observed dependence of stellar
obliquity on the stellar mass.
AO imaging using Subaru/HiCIAO has revealed a pos-
sible companion with ∆mH = 6.19 at a separation of
0.′′36. If this faint source is indeed bound to K2-34, the
projected distance between the two components is esti-
mated as ∼ 200 AU assuming a distance to K2-34 of
∼ 590 pc based on its apparent and estimated absolute
magnitudes. One can also estimate the absolute magni-
tude of the hypothetical stellar companion as MH = 8.4
mag using an isochrone (e.g., Dotter et al. 2008), which
corresponds to a mid-M dwarf whose mass is ∼ 0.2M⊙.
The absolute Kepler magnitude of this CC is also esti-
mated asMKp = 11−12 mag. Considering K2-34’s abso-
lute magnitude of MKp = 3.0, we can safely neglect the
impact of dilution in the K2 transit curve (. 5× 10−4).
If this CC is indeed bound to K2-34, it also satisfies a
general trend that hot Jupiters have outer giant plan-
ets and/or stellar companions (e.g., Knutson et al. 2014;
Ngo et al. 2015; Neveu Van Malle et al. 2015), but fu-
ture follow-up observations are required to prove the
physical association by checking the common proper mo-
tion and/or detecting the CC in a different observing
band.
The relative brightness of the host star (e.g., mr =
11.52 mag) makes K2-34b a good target for further
follow-up to characterize its atmosphere. With the pe-
riod so close to 3 days (2.995654± 0.000018 days), how-
ever, transit follow-ups from the ground are only possible
around a certain longitude on the Earth for long inter-
vals. This in turn means that its transits are visible every
3 days at certain observatories, and unusually accurate
characterization may be possible through repeated ob-
servations of transits.
Note: After completing the work described herein, we be-
came aware of the independent discovery and character-
ization of K2-34b by Lillo-Box et al. (2016). Our mea-
surements of the stellar and planetary properties are in
agreement with theirs.
Facilities: Subaru (HDS, HiCIAO), TNG (HARPS-N),
TCS (FastCam)
This paper is based on observations made with the Ital-
ian Telescopio Nazionale Galileo (TNG) operated on the
island of La Palma by the Fundacio´n Galileo Galilei of
the INAF (Istituto Nazionale di Astrofisica) at the Span-
ish Observatorio del Roque de los Muchachos of the Insti-
tuto de Astrofsica de Canarias. We also provide observa-
tions with the 1.52-m Carlos Sanchez Telescope operated
on the island of Tenerife by the Instituto de Astrof´ısica
de Canarias in the Spanish Observatorio del Teide. This
paper is also based on data collected at Subaru Tele-
scope, which is operated by the National Astronomical
Observatory of Japan. We acknowledge the support for
our Subaru HDS observations by Akito Tajitsu and Ken-
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vations, and David Lafrenie´re, who generously provided
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